Introduction
In June 1877, at the General Infirmary at Leeds, England, Dr. Thomas Jessop (1837-1903) performed the first successful nephrectomy on a 2-year-old child with hematuria and a large malignant process arising from the left kidney [1] . It was not until 1899 that the surgeon Max Wilms (1867-1918) described seven children suffering from nephroblastoma in a monograph on "mixed tumors" [2] . It is now recognized that nephroblastoma, or Wilms' tumor, is the most common renal malignancy of childhood. Developments in surgical techniques in the 20th century improved the prognosis for this previously lethal malignancy. However, it was the discovery of the tumor's radiosensitivity and the introduction of active chemotherapy agents that drastically improved survival rates. Today, with an overall survival (OS) rate of 90%, new treatment protocols are shifting their primary objective from maximizing cure to maximizing cure with minimal treatmentrelated toxicities. In this review, we discuss the advances of Wilms' tumor therapy and current treatment strategies in North America and Europe. 816 Wilms' Tumor Therapy
The Oncologist ®
Prognostic Factors
Treatment regimens for Wilms' tumor are selected based on an individual's risk of recurrence, which is defined by clinical, histological, and biological prognostic factors. In this section, we describe the main prognostic indicators for Wilms' tumor. These indicators will provide a backdrop for our discussion of treatment strategies.
Tumor Stage
Staging criteria for Wilms' tumor are based exclusively on the anatomic extent of the tumor, without consideration of genetic, biologic, or molecular markers [3] . Two major staging systems are currently used: a prechemotherapy/ up-front, surgery-based system developed by the National Wilms' Tumor Study Group (NWTSG) and a postchemotherapy-based system developed by the International Society of Pediatric Oncology (SIOP) ( Table 1 ). Both staging systems have proven valuable in predicting outcomes. It is important to recognize, however, that the difference in surgical timing confounds stage-for-stage comparisons between the two systems.
Histology
Histologic characteristics are the most powerful prognostic indicators for Wilms' tumor. A retrospective study of pathology samples from the first National Wilms' Tumor Study (NWTS-1) showed that anaplasia (irregular mitotic figures, large nuclear size, and hyperchromasia) is associated with adverse outcome [4] . Anaplasia may be diffuse or focal; focal anaplasia portends a prognosis between that of tumors without anaplasia (a so-called "favorable" or "standard" histologic feature) and that of tumors with diffuse anaplasia [5, 6] . Clear-cell sarcoma of the kidney and malignant rhabdoid tumor of the kidney, initially believed (a) The tumor extends beyond kidney or penetrates through the renal capsule and/or fibrous pseudocapsule into perirenal fat but is completely resected (resection margins "clear") (b) The tumor infiltrates the renal sinus and/or invades blood and lymphatic vessels outside the renal parenchyma but is completely resected (c) The tumor infiltrates adjacent organs or vena cava but is completely resected
III
Residual tumor confined to the abdomen: (a) Lymph nodes in the renal hilum, the periaortic chains, or beyond are found to contain tumor (b) Diffuse peritoneal contamination by the tumor (c) Implants are found on the peritoneal surfaces (d) Tumor extends beyond the surgical margins either microscopically or grossly (e) Tumor is not completely resectable because of local infiltration into vital structures (a) Incomplete excision of the tumor, which extends beyond resection margins (gross or microscopical tumor remains postoperatively) (b) Any abdominal lymph nodes are involved (c) Tumor rupture before or intraoperatively (irrespective of other criteria for staging) (d) The tumor has penetrated through the peritoneal surface (e) Tumor thrombi present at resection margins of vessels or ureter, trans-sected or removed piecemeal by surgeon (f) The tumor has been surgically biopsied (wedge biopsy) prior to preoperative chemotherapy or surgery Regional lymph node involvement was considered stage II in the previous SIOP staging system. www.TheOncologist.com to belong to the "unfavorable histology" family of Wilms' tumors, are now considered distinct tumor types and will not be discussed further [7] [8] [9] [10] . Classic Wilms' tumor is composed of three cell typesblastemal, stromal, and epithelial-which can be present in various proportions. Also present are heterologous epithelial or stromal components, which include mucinous or squamous epithelium, skeletal muscle, cartilage, osteoid tissue, and fat [11] . Histologic classification defined by the NWTSG and SIOP studies differs because the SIOP protocols use preoperative chemotherapy. Hence, the SIOP histologic classification reflects chemotherapy-induced changes, including "regressive" changes or cell differentiation. Whereas the NWTSG classifies Wilms' tumors based on the presence or absence of anaplasia, the revised SIOP histologic classification divides Wilms' tumors into three risk groups: (a) low risk (completely necrotic nephroblastoma or cystic partially differentiated nephroblastoma), (b) intermediate risk (regressive, epithelial, stromal, mixed, or focal anaplastic nephroblastoma), and (c) high risk (blastemal or diffuse anaplastic nephroblastoma) [12, 13] .
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Patient Age
Cooperative group studies have shown that increasing patient age is associated with increased risk of recurrence in nonmetastatic Wilms' tumor [14] [15] [16] [17] . A subgroup with an outstanding prognosis are patients less than 2 years of age with small (<550 g) stage I favorable histology tumors [18] [19] [20] . At the other end of the age spectrum, adults with Wilms' tumor were previously found to have relatively unfavorable outcomes compared with their pediatric counterparts, with an event-free survival (EFS) rate of 20%-30% [21] . More recent studies, however, have indicated that the survival rate for adult Wilms' tumor is similar to that for pediatric Wilms' tumor, although toxicity of treatment is greater in adults [22, 23] .
Biological Prognostic Factors
Several biological factors have recently been identified that may supplement stage and histology in assigning risk. One such factor is loss of heterozygosity (LOH) at chromosomes 1p and 16q. Studies in the 1990s showed that children with LOH at 16q had greater risks of relapse and mortality than did children without this change [24] [25] [26] . A similar finding applied to LOH at chromosome 1p [24, 25] . To corroborate these findings, the fifth National Wilms' Tumor Study (NWTS-5) prospectively analyzed LOH in primary Wilms' tumors. Tumor-specific LOH for both chromosomes 1p and 16q, identified in approximately 5% of patients with favorable histology Wilms' tumor, was shown to correlate with a significantly increased risk of relapse and death [27] . Future Children's Oncology Group (COG) clinical studies will augment therapy for patients with favorable histology Wilms' tumor and LOH at 1p and 16q. Other promising prognostic markers are an increase in gene copy number or expression at chromosome 1q [28, 29] and telomerase expression level [30, 31] . Gene expression profiling also shows promise to identify new prognostic factors [32] [33] [34] .
Treatment of Wilms' Tumor with Favorable Histologic Features
Several cooperative groups and individual institutions have made important contributions to the optimization of Wilms' tumor therapy. Because the NWTSG and SIOP studies have included the largest number of patients, this review focuses on their findings. Since the NWTSG and SIOP nephroblastoma studies began more than three decades ago, there has been a philosophical difference of opinions about the administration of preoperative chemotherapy. The NWTSG and its successor, the COG, advocate up-front resection of the primary tumor before chemotherapy is given. In contrast, SIOP recommends the administration of chemotherapy for 4 weeks before surgery. Both treatment approaches yield excellent clinical outcomes (Table 2 ), yet a fertile debate continues about the relative merits of each approach [35] .
The NWTSG Experience
In the NWTSG and upcoming COG studies, primary surgical resection of the tumor is the initial treatment of most children. A transabdominal, transperitoneal incision is recommended to permit inspection of sites of involvement and to facilitate biopsy of suspicious sites [36] . An NWTSG review of surgical factors that predict recurrence demonstrated that failure to sample the lymph nodes was an adverse prognostic feature, even in comparison with documented tumor invasion of the lymph nodes. Presumably, a subset of patients who did not undergo lymph node sampling was undertreated [37] . One of the main challenges for surgeons is to avoid tumor spillage, which increases the risk of local abdominal relapse and subsequent poor outcome [37] . Surgical complications observed in the fourth National Wilms' Tumor Study (NWTS-4) were bowel obstruction (5.1%), extensive hemorrhage and wound infection (1.9% each), extensive vascular injuries (1.4%), and injuries to other visceral organs (1%) [38] . Risk factors for surgical complications included intravascular extension into the inferior vena cava, the atrium, or both; a flank or paramedian surgical approach; and a tumor diameter greater than 10 cm. Interestingly, nephrectomy performed by a general surgeon carried a higher risk of complications (odds ratio, 9.0; 95% confidence interval, 1.3-65; p = .03) than that performed by a pediatric surgeon (reference group; odds ratio, 1.0) or a pediatric urologist (odds ratio, 0.7; 95% confidence interval, 0.3-1.8).
A study of the feasibility of partial nephrectomy in treating nonmetastatic, unilateral Wilms' tumors found that only 4.7% of patients would be eligible for this procedure [39, 40] . Partial nephrectomy was allowed only if the tumor involved one pole and less than one third of the kidney, if the patient had a functioning kidney, if the collecting system or renal vein had no tumor involvement, and if clear margins existed between the tumor and surrounding structures. Because the rate of renal failure in patients with unilateral Wilms' tumor is less than 1% [41] , kidney-sparing resection is not generally recommended.
Nephrectomy without adjuvant therapy was suggested to be adequate treatment for a subset of patients with highly favorable clinical features in the 1970s [42] . Retrospective review of NWTS-4 found that age at diagnosis less than 24 months and tumor weight less than 550 g were correlated with the absence of relapse-associated variables previously described in patients with stage I favorable histology tumors [43, 44] . Based on these findings, NWTS-5 prospectively treated 75 children younger than 24 months with small (<550 g) stage I favorable histology tumors with nephrectomy only. The study closed early according to predefined stopping rules because the risk of relapse at 2 years was 13.5%; however, all patients were successfully salvaged with standard therapy [19] . In light of the high OS rate achieved, the COG is planning a study to re-evaluate the benefit of nephrectomy-only in this selected group of patients.
The NWTSG has recommended preoperative chemotherapy under certain circumstances, including the occurrence of Wilms' tumor in a solitary kidney, bilateral Wilms' tumor, tumor in a horseshoe kidney, tumor thrombus in the inferior vena cava above the level of the hepatic veins, and respiratory distress resulting from the presence of extensive metastatic tumor [45] .
The role of chemotherapy in treating Wilms' tumors is undisputed. The activity of dactinomycin and vincristine against Wilms' tumor was shown in the 1950s and 1960s, and these drugs have served as the cornerstone of Wilms' tumor therapy ever since [46, 47] . Doxorubicin was added to the Wilms' tumor treatment armamentarium in the1970s [48] . Through successive NWTS trials, the combination, length, and mode of administration of these three drugs have been refined to optimize survival rates while minimizing acute and long-term toxicities. Radiation therapy, Table 3 . Although most of the treatment results from NWTS-5 have not yet been reported, we believe that the NWTS-5 treatment approach provides a reasonable standard of care for Wilms' tumor with favorable histologic features ( Table 4 ).
The SIOP Experience
The SIOP strategy of giving preoperative chemotherapy is based on the premise that preoperative therapy reduces the risk of tumor rupture during surgery, thereby reducing the likelihood of local and distant recurrence. A succession of SIOP studies, beginning in 1971, determined the optimal preoperative therapy regimen for patients with renal tumors. The main results of past trials are summarized in Table 5 . (The treatment regimens for the most recently completed study, SIOP 93-01, are shown in Table 4 .)
The paradigm of maximizing cure while minimizing toxicity is being evaluated in the ongoing SIOP-2001 protocol, in which postoperative chemotherapy is tailored according to histologic features, as defined by a new classification system [12, 13] . Another aim of the study is to decrease late cardiac toxicity in patients with stage II or III and histologically intermediate-risk disease. These patients are randomly assigned treatment with or without doxorubicin, which is known to cause late cardiac toxicity [12, 49] .
Pros and Cons of the NWTSG and SIOP Approaches
The NWTSG and SIOP approaches to Wilms' tumor treatment each have distinct advantages and disadvantages. The primary strength of the NWTSG approach is that up-front resection allows an accurate assessment of histologic diagnosis and tumor extent. Most patients treated on SIOP Wilms' tumor studies do not undergo tumor biopsy before starting therapy. On SIOP 93-01, approximately 5% of lesions in patients treated with chemotherapy were ultimately shown not to be Wilms' tumor and included 1.8% that were benign [12] . A research benefit of removing the tumor before chemotherapy is that it enables the collection of untreated tumor for biology studies and provides an unadulterated view of the tumor's molecular biology. The primary strength of the SIOP approach is that preoperative chemotherapy usually reduces the tumor volume, thereby decreasing the likelihood of spillage and "downstaging" the tumor [11] . As a result, fewer patients received local Wilms' Tumor Therapy
The Oncologist ® irradiation on SIOP-9 than on NWTS-5, although slightly more of the SIOP-9 patients received anthracycline [35] . A second advantage of preoperative chemotherapy is that response to treatment may provide a valuable prognostic indicator [50, 51] . In the absence of a clear choice between up-front nephrectomy and preoperative chemotherapy, it is reasonable to base the timing of resection on factors such as tumor size, the patient's clinical condition, and the experience of the surgeon.
Another difference between the NWTSG and SIOP studies is in the management of lung metastases. In the most recent NWTSG studies, computerized tomographic (CT) scan and chest x-ray were performed to determine the presence of lung metastases. If the two imaging modalities yielded discordant results (usually in the form of "CTonly" nodules), the disease stage was ultimately designated by the treating physician. Any patient deemed to have lung metastases was given whole-lung irradiation. The 2-year www.TheOncologist.com relapse-free survival estimate for patients with stage IV disease treated on NWTS-4 was 81% [52] . In the SIOP studies, only chest x-ray was used to evaluate lung metastasis. If lung metastases completely disappeared with chemotherapy (or were completely resected), patients did not receive lung irradiation. With this approach, SIOP reported a 4-year EFS rate of 83% [53] . In contrast, the first Wilms' tumor study by the United Kingdom Children's Cancer Study Group reported a survival rate of only 65% when radiation therapy was not given to patients with lung metastases [54] . This finding raises the question about the role of lung irradiation. Future COG trials will assess the necessity of lung irradiation for patients whose tumors have favorable biological and histological features and show rapid response to chemotherapy.
Treatment of Anaplastic Wilms' Tumor
The first trial to place anaplastic Wilms' tumor into a distinct treatment group was the third National Wilms' Tumor Study (NWTS-3) (1979-1986). On this study and on NWTS-4 (1986-1994), patients received vincristine, dactinomycin, and doxorubicin for 15 months and were randomly assigned to receive or not receive cyclophosphamide [6] . Patients with stage II-IV diffuse anaplastic disease had a 4-year relapsefree survival estimate of 27% when treated without cyclophosphamide and 55% when treated with cyclophosphamide (p = .02) [6] . On the basis of these results, NWTS-5 incorporated cyclophosphamide into the treatment plan for patients with stage II, III, or IV diffuse anaplasia. Such patients received abdominal irradiation and a novel chemotherapy regimen consisting of vincristine, doxorubicin, and cyclophosphamide alternating with cyclophosphamide and etoposide. Patients with stage II-IV focal anaplasia were treated with abdominal irradiation, vincristine, doxorubicin, and dactinomycin. The 4-year EFS estimates for patients with diffuse and focal anaplasia were 55.1% and 74.9%, respectively. Four-year EFS estimates for patients with stage II (n = 28), III (n = 51), and IV (n = 16) anaplasia who had undergone immediate nephrectomy were 82.1%, 68.3%, and 37.5%, respectively. OS estimates were similar to EFS estimates [55] .
On NWTS-5, patients with stage I diffuse or focal anaplastic Wilms' tumor were treated with vincristine and dactinomycin because earlier studies had shown good outcomes for this group [56] . However, preliminary analysis yielded unexpectedly low 4-year EFS and OS estimates of 69.5% and 82.6%, respectively [55] . Hence, future COG studies will add doxorubicin and irradiation to the therapeutic regimen for these patients.
Treatment of Bilateral Wilms' Tumor
Synchronous bilateral Wilms' tumors account for only 6% of all Wilms' tumors but they pose the special challenge of establishing local tumor control while preserving renal function. The management of bilateral Wilms' tumor has evolved from primary surgical extirpation to kidney-preserving resection after preoperative chemotherapy. Preoperative chemotherapy often results in significant reduction in tumor size, thereby facilitating subsequent renal salvage. Extended follow-up of patients with bilateral Wilms' tumor who were enrolled on NWTS-2 and -3 showed no difference in survival rates between those treated initially with surgical resection and those treated with biopsy and preoperative chemotherapy [57] . On NWTS-4, the risk of local recurrence for patients who underwent kidney-sparing resection was 8.2% [58] . The NWTS-5 recommendation for the management of bilateral Wilms' tumor includes initial biopsy and local staging followed by chemotherapy (according to abdominal stage and histologic features) and second-look surgery at week 5 [59] . If needed, additional chemotherapy or radiation therapy is given, but definitive surgery is recommended within 12 weeks of diagnosis to limit the risk of chemoresistant clonal expansion [3] . Failure of bilateral Wilms' tumor to respond to preoperative chemotherapy is often due not to anaplasia but to persistence of mature elements with a skeletal muscle component. In patients with anaplastic tumors, complete surgical excision is warranted, and in such cases the NWTSG favors tumor resection with a margin of renal tissue rather than enucleation. Long-term survival rates for patients with synchronous bilateral Wilms' tumors are approximately 70%-80% [57, 60, 61] .
Metachronous bilateral Wilms' tumor accounts for approximately 2% of all Wilms' tumors. The NWTSG has reported lower survival rates for patients with metachronous rather than synchronous bilateral tumors [62, 63] . A literature review by Paulino et al. showed that the OS rate for patients with metachronous bilateral Wilms' tumor was 49.1% at 5 years and 47.2% at 10 years, and a second tumor developed at a median interval of 23.1 months [64] . Children in whom a contralateral tumor developed more than 18 months after the initial diagnosis had a better OS rate than did those in whom it developed less than 18 months after diagnosis (10-year OS rate, 55.2% versus 39.6%). Children younger than 12 months who have perilobar nephrogenic rests are at markedly increased risk of contralateral disease and require frequent and regular surveillance for several years [65] .
Treatment of Recurrent Wilms' Tumor
Before the mid-1980s, the long-term survival rate after recurrence of Wilms' tumor barely reached 30% [66] [67] [68] [69] [70] . During this era, salvage therapy consisted of vincristine, dactinomycin, doxorubicin, radiation therapy, or surgery. Often, salvage therapy was identical to the primary therapy. In recent years, cyclophosphamide, ifosfamide, cisplatin, carboplatin, and etoposide were shown to be active against Wilms' tumor [71- , and multiagent regimens containing these drugs, most notably the ICE combination (ifosfamide, carboplatin, and etoposide), have significantly improved postrelapse survival rates to the 50%-60% range [71, 84, 85] . Favorable prognostic factors after relapse include favorable histologic features, relapse occurring more than 12 months after the initial diagnosis, low stage (I or II) of primary disease, initial treatment with vincristine and dactinomycin only, few pulmonary nodules, and no previous irradiation of the tumor bed [67, 84] . Studies of relapsed Wilms' tumor performed at St. Jude Children's Research Hospital indicated that patients who undergo complete resection of the recurrent tumor have a greater chance of survival than do patients who undergo only a partial resection or no surgery at all [69, 84] . It is unclear whether surgical resection was therapeutic or whether the patients who underwent surgery had a lower disease burden. Another study from the NWTSG showed that although therapeutic resection of pulmonary nodules does not improve outcome, it may have a role in histological confirmation of recurrence [86] .
An unresolved question regarding the treatment of recurrent Wilms' tumor is the benefit of high-dose therapy with autologous stem cell rescue. Several groups have reported promising salvage rates resulting from the use of either single or tandem stem cell transplants (Table 6) . It is unclear, however, whether outcomes of high-dose therapy are superior to those obtained with modern, multiagent chemotherapy regimens [71, 84, 85] . A large randomized study will be required to answer this question.
Future Directions
Although survival rates after recurrence of Wilms' tumor have improved since the 1980s, at least 40% of patients remain without cure on current treatment regimens. Novel agents and treatment strategies are needed to improve clinical outcomes for this group. One of the promising new cytotoxic agents for treating Wilms' tumor is the camptothecin analogue topotecan. Preclinical xenograft studies (Dome, unpublished observations) and a phase I clinical trial have demonstrated that topotecan has significant antitumor activity when given daily for 5 days on two consecutive weeks [87] . A multi-institutional phase II study of topotecan is ongoing. Topotecan also has shown antitumor activity against Wilms' tumor when used in combination with cyclophosphamide [81, 88] . Another promising class of agents consists of antiangiogenesis agents, including molecules that target the vascular endothelial growth factor (VEGF) pathway. Xenograft models have shown that such agents can inhibit growth of Wilms' tumor [89] , prevent metastatic spread [90] , or even induce tumor regression [91] . The anti-VEGF antibody bevacizumab is undergoing phase I testing in pediatric patients.
Summary
The treatment of Wilms' tumor is one of the great success stories in oncology. Modern treatment regimens yield OS rates of 90%, and this success has precipitated a shift in emphasis to reducing toxicity. Although North America and Europe have different philosophies on preoperative chemotherapy, the overriding message is that most patients with Wilms' tumor survive long term, regardless of the sequence of therapeutic interventions. In spite of this success, there remain patients for whom current treatment is suboptimal, including those with anaplastic, bilateral, or recurrent disease with favorable histologic features. These "problematic" groups account for about 25% of patients who have Wilms' tumor, and this high proportion underscores the need for a continued effort to develop novel treatment approaches.
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